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A limitation of these qPCR assays is that they lack an endogenous internal control 16 multiplexed assay to confirm the presence of amplifiable sample DNA and the 17 absence of PCR inhibitors. Additionally these qPCR assays do not use specific 18 primers for each of the three haemoplasma species (Sykes et al., 2007; Tasker et al., 19 2003b; Willi et al., 2006a; Willi et al., 2005) which is preferred to ensure accurate 20 detection and quantification of infection in samples containing more than one 21 haemoplasma species. The aim of the current study was to develop species-specific 22
TaqMan probe-based qPCR assays that could be multiplexed with a feline 28S rDNA 23 assay previously developed in our laboratory (Helps et al., 2005) for the diagnosis of 24 feline haemoplasma infection. In addition, these new assays were to be applied to 25 the three consensus sequences. The primer and probe sets were designed such that the 8 annealing temperatures of the primers were 60°C and the probes 8-10°C higher with 9 an 80 to150bp product (Table 1 ). In order to minimise primer-dimer formation, the 10 maximum self-complementarity score was set at 4 and the maximum 3' self-11 complementarity score was set at 2. Each of the three haemoplasma assays was 12 combined with a previously validated feline 28S rDNA-specific assay to produce 13 three duplex assays (Helps et al., 2005) . 14 μl of DNA in a total volume of 25μl. All reactants were mixed together as a master 5 mix and aliquotted into 24 or 96-well PCR plates (Thermofast, Abgene, Epsom, 6 Surrey) prior to addition of the 5l sample. Positive control samples of known copy 7 number and a negative control (water) were included in each run. 8
Samples and DNA Extraction
The PCR was performed in an iCycler IQ (Bio-Rad Laboratories Ltd, Hemel 9
Hempstead, UK) with an initial incubation of 95C for 15 min and then 45 cycles of 10 95C for 10s and 60C for 30s during which the fluorescence data were collected. 11
The thermocycling protocol was extended when SYBR Green I was used by heating 12 the samples from 75°C to 95°C in 0. A c c e p t e d M a n u s c r i p t 8 master mix was made up for the qPCR reactions before they were aliquotted in 1 triplicate into the PCR plate prior to addition of the template into each reaction tube 2 individually. A graph of threshold cycle (Ct) versus log 10 relative copy number of the 3 sample from the dilution series was produced and the slope of this graph was used to 4 determine the reaction efficiency. These reaction efficiencies were used to calculate 5 the number of gene copies present in the assayed samples relative to a plasmid 6 dilution of known copy number (10 3 16S rDNA copies per PCR) which was included 7
in each sample run. The number of gene copies in the unknown samples was 8 calculated using the E ΔCt equation. The Ct results of the plasmid samples were 9 comparable to those obtained with the standard curve experiment to calculate the 10 reaction efficiency. 11
During the optimisation of the assays, reaction products from the sequence-12 specific plasmids and infected blood samples were separated using 2% agarose gel 13 (Molecular Biology Grade Agarose, Helena Biosciences, Sunderland, UK) 14 electrophoresis to confirm the size and number of amplicons produced. 15
Statistical Analysis

16
The 95% confidence intervals (CI) of the observed prevalences and statistical 17 comparison of prevalences (2 sample t-test) between studies were calculated using 18 1
Assay Optimisation 2
The haemoplasma species-specific assays were designed with mismatches 3 with the non-target species in both the primer and probe sequences ( Table 2 ). The 4 mismatches in the primer sequences were concentrated towards the 3′ end of the 5 sequence. The specificity of the assays was tested by adding 10 6 copies of plasmids 6 containing 16S rDNA sequences from each of the three species. No cross-reactivity 7 was seen between the assays and the plasmids of the non-target species with both the 8 assay's TaqMan probe and SYBR Green I, indicating that the primer sets alone were 9 species-specific. The assays produced a single melt peak when run with SYBR Green 10 I and a single amplicon of expected size was produced when separated by agarose gel 11 electrophoresis (data not shown). 12
The reaction efficiencies of the assays were assessed in the duplex format 13 using serial ten-fold dilutions of the target species plasmid over 8 orders of 14 magnitude. These plasmids were diluted in a background of feline DNA in order to 15
give a positive result with both assays in the duplex with a 28S rDNA result similar to 16 those measured in the clinical samples. All reactions had efficiencies in excess of 17 91% (Table 1 ) and they were able to detect between 1 and 10 plasmid copies per PCR. 18
Clinical Samples
19
The number of haemoplasma PCR-positive samples and the 16S rDNA copy 20 numbers for each haemoplasma species are shown in Table 3 . All of the 222 21 haemoplasma positive samples were also positive for feline 28S rDNA, although the 22
Ct value was increased in some of the samples with CMhm or Mhf (but not CMt) 16S 23 10 rDNA copy number in excess of 10 6 . This inhibition of the feline 28S rDNA assay 1 was proportional to the amount of CMhm or Mhf 16S rDNA present above 10 6 2 copies. The feline 28S rDNA assay was not inhibited when the samples were run 3 with the assays for the haemoplasma species not present as the Ct values were 4 comparable to other samples. Similar feline 28S rDNA results were obtained from 5 samples processed with the DNeasy and Nucleospin extraction kits. 6
Seven of the 1592 samples analysed tested only weakly positive or were 7 negative for feline 28S rDNA (4 samples with Ct>35, 3 negative samples) and were 8 negative for all three haemoplasma species. These seven samples were excluded from 9
the study as the negative haemoplasma results may have been due to the absence of 10 amplifiable DNA or the presence of PCR inhibitors (some of these samples had slight 11 haemoglobin discolouration). Of the 1585 samples remaining in the study, 45 (2.8%), 12 177 (11.2%) and 27 (1.7%) were positive for Mhf, CMhm and CMt, respectively 13 (Table 3) . the calculated 95% CI are detailed in Table 4 . The prevalence of Mhf infection found 19 in the present study was not significantly different from those reported in samples 20 from the UK, Switzerland or Australia (p>0.05) but was significantly lower than in 21 samples from South Africa (p<0.001). The prevalence of CMhm infection found in 22 the present study was not significantly different from that reported in samples from 23
Switzerland but was significantly lower than that reported in samples from the UK 24 (p=0.001), Australia (p<0.001) and South Africa (p<0.001). The prevalence of CMt 25 infection found in the present study was not significantly different to that reported in 1 samples from the UK and Switzerland but was significantly lower than that reported 2 in samples from Australia (p<0.001) and South Africa (p<0.001). 3
Infections with both single and multiple haemoplasma species were detected, 4 with 30 (1.9%), 154 (9.7%) and 13 (0.8%) samples positive for Mhf, CMhm and CMt 5 alone ( Table 5 ). Twenty five (1.6%) samples were positive for more than one 6 haemoplasma species: eleven (0.7%) Mhf/CMhm, two (0.1%) Mhf/CMt, and ten 7 (0.6%) CMhm/CMt dual infections as well as two (0.1%) infections with all three 8 species. The species detected in the blood samples with multiple infections were 9 present at differing copy numbers with a minimum of a ten-fold difference between 10 the species in the dual infections and, with the exception of one Mhf/CMt infection, 11
CMt was the species present at the lowest copy number in all dual and triple 12 infections involving this organism. Two different species were dominant in the two 13 triple infections: either Mhf or CMhm. 14
Discussion
15
The results of this study show that it is possible to develop feline 16 haemoplasma species-specific qPCR assays, based upon 16S rDNA sequences, 17 duplexed with an internal control assay based upon feline 28S rDNA, which are 18 highly sensitive. This is the first description of this type of assay for the diagnosis of 19 feline haemoplasma infection as those described previously (Tasker et although some studies using these assays have used an internal control as a separate 22
PCR. The advantage of using an internal control assay is that it allows for 23 confirmation that the test sample contains amplifiable DNA and that PCR inhibitors 24 12 are not present. In addition, using the internal control assay in a duplex allows 1 confirmation that the sample has been added to the reaction. Blood contains a number 2 of potential inhibitors of PCR (Al-Soud and Radstrom, 2001) and although some, 3 such as haemoglobin, may be visible in the extracted DNA, others may be colourless 4
and their presence impossible to detect without use of an internal control assay. 5
Haemoglobin contamination can be a significant problem with DNA obtained from 6 feline blood samples, particularly if there is a blood clot present in the sample 7 (unpublished observation). Seven samples were excluded from the study on the basis 8 of their 28S rDNA PCR results and it is of note that these samples had been submitted 9
for diagnostic PCR testing prior to the introduction of the 28S rDNA internal control 10 assay into the haemoplasma diagnostic assays. Thus it is possible that these samples 11 generated false negative haemoplasma PCR results previously but the lack of use of 12 an internal control precluded this being detected. 13
The qPCR assays described in this study were able to detect between 1 and 10 14 copies per PCR in the presence of a background of feline DNA similar to that found 15 in the extracted blood samples. No attempt was made to examine the effect of the 16 increasing the concentration of feline DNA on the ability of the assays to detect the 17 haemoplasma species. This was because a fixed volume of 100μl of EDTA blood is 18 used for the extraction process and this volume results in a relatively constant amount 19 of feline genomic DNA in the extracted samples. It is possible that the sensitivity of 20 the haemoplasma portion of the duplex PCR may have been affected by a larger 21 amount of 28S rDNA, and therefore feline genomic DNA, which may be present if 22 samples other than blood e.g. tissue, were used instead. There was evidence that the 23 28S rDNA results were affected by the presence of high 16S rDNA copy numbers (in 24 excess of 10 6 /reaction), with evidence of inhibition of the reaction proportional to the 25 A c c e p t e d M a n u s c r i p t 13 amount of 16S rDNA present. This was manifest by a higher 28S rDNA Ct value in 1 the assay which was haemoplasma PCR positive when compared with the assays with 2 negative haemoplasma results. It would have been feasible to have combined the 3 three haemoplasma 16S rDNA assays with the feline 28S rDNA assay to form a 4 quadriplex assay by changing the fluorescent dyes on two of the haemoplasma 5
TaqMan probes. We decided not to do this as infections with multiple species have 6 been reported and there may be a dominant species present which could affect the 7 sensitivity of the assays for the other species in the quadriplex assay, similar to the 8 phenomenon seen with the 28S rDNA assay in the duplex assays. 9
The qPCR assays developed in this study replaced the previously described be due to one of the species being dominant in the reaction and thus inhibiting 2 amplification of the minor species through competition for reaction components 3 (Tasker, 2002) . This phenomenon is a potential problem with assays, like those and Australian study samples were mostly collected from cats which were clinically 12 ill and therefore likely derive from a similar cat population as the samples used in this 13 study. 14 A large number of infections involving multiple organisms were identified in 15 the current study. Infection with CMt is often associated with infection with other 16 haemoplasma species, particularly CMhm, as has been reported previously (Willi et 17 al., 2006b ). We have also described two samples which were infected with all three 18 species; one with a Mhf-dominated infection and the other with a CMhm-dominated 19 one. Similar triple infections have been described in two samples from South Africa 20 (Willi et al., 2006b) . Interestingly, CMt is often the organism which is present at the 21 lowest copy number in dual and triple infections, as has been reported previously 22 
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